Abstract: A selective-filling high birefringent photonic crystal fiber (SF-HBPCF) based Sagnac interferometer (SI) was demonstrated. The SF-HBPCF was achieved by infiltrating a high index liquid into two symmetrical air holes of the innermost layer of an index-guiding unbirefringent PCF. The birefringence characteristics of the SF-HBPCF and the strain sensing characteristics of the SF-HBPCF based SI were theoretically analyzed in detail. The group birefringence presented unique characteristics, and particularly possessed a zero value at a certain wavelength. This directly resulted in the strain sensitivities having ultrahigh even infinite value at the certain wavelength. Besides, with the change of the loaded strain, the sensitivities of the interference dips presented disparate variation trend. In experiments, the results were well matched with theoretical simulation. And the strain sensitivities from 25 pm/με to 12 pm/με were achieved from 61 με to 789 με in the type of the SF-HBPCF.
Introduction
Since the fiber Sagnac interferometer (SI) was first demonstrated, the optical fiber SI highlighted great potential on optic gyroscope [1] , hydrophones [2] , geophones [3] and very versatile sensing technologies [4] . Among these configurations, the high birefringent (HiBi) fiber SI, introducing a segment of HiBi fiber within a fiber loop mirror [5] , [6] which comprising a 3 dB coupler with the output tails spliced together, has been shown to possess extreme resolution, and widely applied to measure temperature [7] , strain [8] , pressure [9] , [10] , torsion [11] and so on. Thereinto, the strain sensors are of interest for many industrial applications. And the HiBi fiber SI based strain sensors will exhibit unique strain sensitivities if the HiBi fibers possess distinctive birefringence properties. Furthermore, the way how to realize birefringence determines the birefringence properties. Conventional PANDA fibers (PM-1550-HP) realize birefringence by introducing stress-induced parts and the SI have strain sensitivity of 41.2 pm/με [7] . Compared with the conventional HiBi fiber, the HiBi photonic crystal fibers (PCFs) have unique advantages in sensing applications due to the ease of modifying optical and mechanical properties in fibers [12] , [13] . The birefringence can be achieved by introducing different holes with diverse diameters into PCF. For example, the index-guiding HiBi PCFs, having cladding holes with different diameters, have been widely used in the temperature insensitive strain sensors [8] , [14] , and [15] . The strain sensitivities are about 0.23 pm/με [8] , 1.1 pm/με [14] and 2.5 pm/με [15] , respectively. In addition, an elliptical hollow-core photonic bandgap fiber based SI [16] has the strain sensitivities being very much dependent upon wavelength and being −0.81 pm/με for the wavelength of 1.4745 μm. On the other hand, the air-holes structures of the PCFs provide more convenience for infusion of the active functional materials. This opens up a new area for realization of HiBi PCFs. Thanks to the flexibility in designing the filling structures, the birefringence properties can be tailoring to realize specific sensing applications [17] - [23] . Most of the material-filled PCF based sensors mainly focus on the temperature sensors due to the higher thermal-optic properties of the filling materials. For example, Qian et al. [17] realized a high temperature sensitivity of 6.6 nm/°C in an alcohol-filled index-guiding HiBi PCF loop mirror. Zheng et al. [18] achieved a bandgap-guiding HiBi PCF by selectively infiltrating a high index liquid into the index-guiding Hi-Bi PCF, and the temperature sensitivity increased to 0.4 nm/°C compared to the original temperature-insensitive characteristics. For material-filled PCF based strain sensors, Guo et al. [23] demonstrated a solid-core polarization maintaining PCF by selectively filling a single hole with a high index liquid, and achieved 3 pm/με strain sensitivity. In our previous works [24] , [25] , we analyzed theoretically in detail the birefringence characteristics of the selective-filling HiBi PCF, and revealed that different filling pattern determined diverse birefringence properties and that the sensing sensitivity strongly depended on the type of birefringence.
In this paper, we demonstrated a selective-filling high birefringent photonic crystal fiber (SF-HBPCF) based Sagnac interferometer (SI). The SF-HBPCF was achieved by infiltrating a liquid with higher refractive index than background silica into two symmetrical air holes of the innermost layer of an index-guiding un-birefringent PCF. The birefringence properties of the SF-HBPCF and the transmission and sensing characteristics of the SF-HBPCF based SI were simulated theoretically detailedly. The modal group birefringence of the SF-HBPCF had a zero value at a certain wavelength. This directly resulted in the strain sensing sensitivities strongly depending upon wavelength, and particularly having ultrahigh even infinite sensitivity at the zero-group-birefringence wavelength. Besides, with the change of the loaded strain, the sensitivities presented disparate variation trend. In experiments, the results exhibited the same change tendency as that in theory. And high strain sensitivities from 25 pm/με to 12 pm/με were achieved from 61 με to 789 με. The highest sensitivity is more than 10 times higher than that in [15] and [23] . Furthermore, if choosing proper filling lengths and interference dips, higher strain sensitivity can be achieved further. Fig. 1(a) illustrates the schematic diagram of the proposed SF-HBPCF based SI. It consists of a 3 dB optical coupler (OC) with a splitting ratio of ∼50:50 at a wavelength range from 1.3 μm to 1.6 μm and a section of SF-HBPCF. The light from a supercontinuum source (SCS) (0.6 μm-1.7 μm) propagates around the fiber loop, and the transmission interference spectrum is measured by an optical spectral analyzer (OSA) with the highest resolution of 0.02 nm. The SF-HBPCF was stretched with an axial strain provided by different loads for strain or force sensing. Fig. 1(b) shows the microscopic image of the transverse cross-section of the SF-HBPCF, which was realized by selectively infiltrating two symmetrical air holes of the innermost layer of the PCF with a high index liquid. The pure silica PCF includes five rings of air holes arranged in a regular hexagonal pattern. The holes diameter and adjacent holes distance are ∼3.87 μm and ∼5.7 μm, respectively. The 
Theoretical Analysis
Where, δ = 2 L B /λ is the phase difference, and L is the liquid filling length. B = n x − n y is the modal phase birefringence. The n x and n y are the modal effective index of the fundamental modes at x and y polarized directions. The position of the interference dip satisfies the phase-matched condition:
Where, m is any integer. When the axial force F is applied onto the fiber, the produced axial strain ε z is:
Where, A is the area of the pure silica part in the fiber cross section, and was calculated as 11213.19 μm 2 . E denotes the elastic modulus, and is about 7.2 × 10 4 MPa for silica glass. If applying axial strain onto the SF-HBPCF, the refractive index of silica background n bg will change due to the elasto-optic effect. The n bg can be shown as follows:
Where, P 11 , P 12 are the elasto-optic or Pockel coefficients of the silica. P e denotes valid elasticoptic constant and equals to 0.22 for silica. Meanwhile, the axial strain results in the transverse strain ε z on fiber, and the ratio of the radial strain ε r to the axial strain ε z is the poisson's ratio ν equaling to 0.17 for silica, which is expressed as follows:
The transverse strain ε r leads to R change in the fiber air holes with radius of R, and then induces the change of the liquid filling length. Hence, the liquid filling length L (ε z ) under different axial strain was deduced as: Finally, based on the aforementioned analysis, (2) was taken the derivative with respect to ε z , and the results were deduced as:
The strain sensitivity S (ε z , λ) was deduced as:
Where, B g is the modal group birefringence, which is defined as the difference between the group indexes of the fundamental modes at x and y polarized directions, and is expressed as:
Then, we considered all these factors overall to discuss the strain sensitivity. The modal effective index of the fundamental modes at x and y polarized directions of the PCF were calculated using the Finite Element Method by Comsol Multiphysics software. The modal phase birefringence B was calculated and shown in Fig. 2(a) with black dots, and was further fitted with 9-order polynomial, as shown with the black solid curves. The B has 10 −4 order of magnitude, and shows the non monotonic variation trend. The change trend of the B mainly resulted from the couplings between the fundamental mode and high index rod modes, which was analyzed in detail in our previous work in [25] . According to the Eq. (9), the group birefringence B g were calculated and shown in Fig. 2(a) with the red curve. Note that the B g has a zero value at about 1.6 μm. Then, considering the silica background index change n bg resulted from the axial strain, we further calculated the change of the phase birefringence with strain ∂B (λ, ε z )/∂ε z as shown in Fig. 2(b) . Equation (8) indicates that the strain sensitivity S(ε z , λ) relates to ε z and λ. So, the strain sensitivity S(ε z , λ) at a certain stain ε z versus wavelength λ was calculated to disscuss the influence of the wavelength on strain sensitivities. Fig. 3 shows the strain sensitivities at 61 με strain for different wavelengths with the black curves. At the wavelength of about 1.6 μm, due to the zero group birefringence (shown in Fig. 2(a) ), the strain sensitivity can reach infinite value according to (8) . The dips locating closer to 1.6 μm have higher sensitivities. Besides, at the wavelength of 1.47 μm, the sensitivity is zero. And at two sides of 1.47 μm, the sensitivities are just opposite in sign. In addition, based on (2), the position of the interference dip directly depends on the filling length L. Then, the relationship between the filling length L and the strain sensitivity S was also discussed. Due to the B changing with λ, the variable B/λ which is the ratio of the phase birefringence B to the wavelength λ also changes with λ, and was also shown in the Fig. 3 with the red curve for comparison with the sensitivities curves. According to (2) , for the interference dip under a fixed integer m, the B/λ decreases with the L increasing. Due to the multiple trends of the S with the wavelength changing, the strain sensitivities at different wavelengths also have different change trends with the L changing. When the interference dip is located at the wavelength which is longer than 1.6 μm, the sensitivity will decrease with the L increasing. When the interference dip is located at the wavelength from 1.47 μm (at which the sensitivity is zero) to 1.6 μm, the sensitivity is negative, and the absolute value increases. When the interference dip is located at the wavelength which is shorter than 1.47 μm, the sensitivity will increase with the L increasing.
Then, the transmission spectra of the SF-HBPCF based SI for different strains were further calculated according to (1) to discuss the influence of the strain on sensitivities. Fig. 4 shows the transmission spectra of the SF-HBPCF based SI for different strains from 0 με to 789 με. The original filling length L was set at 18.73 cm. It is clearly seen there were a series of inteference dips with unequal interval. The interval of the adjacent interference dips λ = λ/L B g relates to the filling length L and group birefrignence B g .
Then, we chose five dips A-E (in Fig. 4 ) to analyze the strain sensitivities for different strains. Fig. 5 (a) -(e) (black circles) show the detailed wavelength variation of dips A-E versus strain, respectively. Since the dip B locates beside the wavelength at which the sensitivity is zero and has non-monotonic change, the simulation data in (b) was fitted by 3-order polynomial. The rest Fig. 5 . The detailed wavelength variation (black dots and black curves) and strain sensitivities (red curves) of the interference dips A-E (in Fig. 4) for different axial strains, respectively. of the data were fitted by 2-order polynomial, as shown with the black solid curves. The Adjust R Square of the five fitting curves all reach 1. By the first-order derivative of the fitting curves, the strain sensitivities S of dips A-E from 0 με to 789 με were obtained, as shown with red curves in Fig. 5 . And the sensitivties at 61 με for the five dips were shown in Fig. 3 with black stars. It is clearly seen dips A-C are located at the wavlengths shorter than the wavelength at which the group birefringence is zero (denoted as λ Bg = 0 ). Dips D and E are located at the wavlengths longer than λ Bg = 0 . The sensitivities for dips A to C increase with strain increasing. Dip A has positive S, dip B has S from negative to positive value, and dip C has negative S. However, for dips D and E, the sensitivities decrease with strain increasing and are both positive. Among the five dips, dip D has higher sensitivity with the highest value of 35.6 pm/με.
Experimental Realization
In the experiments, the two symmetrical air holes located at the innermost layer of the PCF were selectively infiltrated with a high index liquid by direct manual gluing method. Two ends of the SF-HBPCF were infiltrated into a bit of air to avoid high splicing loss when fusion splicing with infiltrated liquid. Then the SF-HBPCF was splicing fusion to SMFs and put into the SI as shown in Fig. 1 . Then, we put the SF-HBPCF into the temperature chamber with 25°C to keep temperature stable, and applied the axial strain ε z onto the PCF. Fig. 6 shows the transmission spectra of the SI at different axial strains from 61 με to 789 με. The inset shows the transmission spectrum of the SF-HBPCF. It is clearly seen that the inteference dips C and D come from the coupling between the fundamental mode and the filled high index rod modes. And they have little change with strain changing. Other interference dips have different shift velocity with strain increasing. The specific strain sensitivities of interference dips A, B, E and F were further discussed. Fig. 7(a)-(d) show the wavelength variation of dips A, B, E and F dependence on axial strain (the black dots) from 61 με to 789 με, respectively. Based on the theoretical data analysis in the Fig. 5 , the experimental data for dip B was fitted by 3-order polynomial, and the rest of the data were fitted by 2-order polynomial, as shown with the black curves. The specific relationship between the sensor wavelength response and the applied strain can be given by the fitted polynomial. For two interference dips E and F with higher sensitivities, the polynomial were λ = 1.5 + 2.6 * 10 −5 ε z − 9.0 * 10 −9 ε 2 z and λ = 1.6 + 2.4 * 10 −5 ε z − 1.3 * 10 −8 ε 2 z , respectively. By the first-order derivative of the fitting curves, the strain sensitivities S from 61 με to 789 με were obtained, as shown with the red curves. The measured strain sensitivities at 61 με from Fig. 7 for dips A, B, E and F were also shown in Fig. 3 with blue dots. And for the convinience of the comparision of theoretical and experimental results, the wavelengths of dips A, B, E and F were already shifted 120 nm to longer wavelength. And it is can be seen that the wavelengths of inteference dips in theory (A, B, D and E) and in experiment (A, B, E and F) basically match. Dips A and B were located at the wavelegnths shorter than λ Bg = 0 , and dips E and F were located at the wavelengths longer than λ Bg = 0 . From  Fig. 7 , the strain sensitivities of dips A, E and F are positive, and that of dip B changes from negative to positive values, respectively. In addition, for the dips being located at the right of λ Bg = 0 (dips E and F), their sensitivities decrease with strain increasing. However, for dips being located at the left of λ Bg = 0 (dips A and B), their sensitivities increase with strain increasing. And the change trend is also a good agreement with aforementioned theoretical analysis in Fig. 5 . In experiment, dip E achieved higher strain sensitivity, and had sensitivities from 25 pm/με to 12 pm/με. Then, we also estimated the limit of detection (LOD) ε based on the semi-heuristic formula proposed by White and Fan [26] :
Assuming the signal-to-noise SN R = 50 dB, the LOD ε for interference dips E and F were about 36 με and 27 με. By adjusting the filling length, the dips can be adjusted to the wavelength nearby λ Bg = 0 . Thus, higher strain sensitivity can be achieved further. On the basis of the above analysis, it can be clearly seen that there are some certain errors between the wavelengths of the interference dips and the sensitivity values in theory and experiment. The deviation may stem from the deviation of the PCF structure parameters, the refractive index of the liquid and the filling length between theoretical model and actual experimental measurement. If neglecting the errors, the experimental data basically matched with the trend of the theoretical curves.
Conclusion
In conclusion, a high sensitivity strain sensor based on a SF-HBPCF SI was demonstrated. The SF-HBPCF was achieved by infiltrating a high index liquid into two symmetrical air holes of the innermost layer of an index-guiding un-birefringent PCF. Based on the way of selectively filling high index liquid, the SF-HBPCF presented unique birefringence properties. Especially, the group birefringence had a zero value at a certain wavelength, which directly led to ultrahigh even infinitely high sensitivity at the wavelength theoretically. The transmission and strain characteristics of the SF-HBPCF based SI were theoretically and experimentally investigated. The highest sensitivity of 25 pm/με at 61 με was experimentally achieved, which is more than 10 times higher than that in [15] and [23] . If choosing proper filling length and interference dips, higher strain sensitivity can be achieved further. In addition, the filled liquid is sensitive to the temperature, which results in the sensor being sensitive to the temperature. To keep the strain sensor stable and reproducible, the impact of the temperature must be eliminated. The multi-dip structures of the transmission spectrum of the SF-HBPCF based SI provide the potential in simultaneously measuring temperature and strain so that eliminate the cross-sensitive of temperature.
